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EUSTIS DIR ECTORATE POSITION STATEMENT

This report is Phase II of a three-phase program to determine and demonstrate the
production suitability of the Electroform Conductive Wax (ECW) process in conjunction
with existing conventional processes for the manufacture of fluidic systems. During
Phase II, the pilot production line that was defined during Phase I of this program
was set up and checked out by the fabrication and test of nine hydrofluidic systems.
The pilot production line included all manufacturing, inspection, and assembly equip-
ment necessary to build the integrated amplifier -manifold Hydrofluidic Stability
Augmentation Systems. The data from the pilot production line was analyzed and the
ECW process modified as determined to be necessary. During Phase Ill, a small pro.
duction run consisting of 20 Hydrofluidic Stability Augmentation Systems will be
accomplished and a Technical Data Package prepared.

Mr. George W. Fosdick of tt’iç $ysIa~ s”~~Ippprt Division served as the project engineer
for this effort.
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~Conductive Wax process was defined. 1~~he pilot production line includes
all manufacturing , inspect ion , and asse’~~bly equipment necessary to pro-
duce the integrated amplifier-manifold h~~lrofluidic stabi lity augmentatio n
systems. Phase II included the setup and checkout of the pilo t production
line. Three groups of three systems each were fabricated and tested .
Circuit configuration and production processes were changed as a result of

• the analysis of each group of components, In Phase III , a small ~proof~
product ion run will be accomplished , component quality determined , and a
technical data package prepar ed .
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SECTION I

INTRODUCTION

Most conventional production techniques are not readily adaptable to

the manufacture of fluidic devices with small passageWaYS. intricate

configurations , close_tolerance requirements. and the aeed for sealed

circuits. Consequently, the Electroform Conductive Wax (ECW) pro-

cess was developed. Through various developmental programs, the

3 ECW process has demonstrated the potential to accurately fabricate

leak proof fluidic component s. The object of th is  program is to deter-

mine the production suitability of the ECW process in conjunction with

existing conventiona l processes for the manufacture of fluidic systems.

This is a 34-month program divided into three phases. Phase I was

the subject of a previous report, USAAMRDL TR 75 49 , and con-

sisted of the following major tasks :

• Design and developm ent of an integrated amplifier-

manifold circuit for use in the hydrofluidic yaw-axis

stability augmentation system (SAS), which was de-

veloped under Contract DAAJO2 -72 -C-0051 with the

Eustis Directorate, USAAMRDL, Fort Eustis , Virginia .

• Qualification testing of the SAS with the integrated

amplifier-manifold circuit,

• Design of a pilot production line for the fabrication of

fluidic components using the ECW process and for

functiona l testing of the components.

This report , Phase II , consist s of the following major tasks

~8



• Manufacture , assembly and checkout of the com ple te
production line designed in Phase I.

• Fabrication and testing of three lots of system components
using the Phase I production line. Each lot consist s of
three sets of hardware.

• Assembly and testing of a complete system from each lot.

• Analysis of the test results of each lot to modify the design,
t he E CW process, or process equi pment , if necessary,
before fabrication of the next lot.

Appendixes A through D present the established component and electro-
forming specifications. The final system specification is presented in
Appendix E .

In the final phase of the program, twenty systems will be fabricated in
four lot s using the process finalized in this second phase of the program.
Results will be statistically analyzed, and a technical data package de-
fining the SAS and the ECW process will be compiled .

I
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SECTION II
LOT ONE

~ YS’I’EM (2 0NF1 ( ;URATION S U M M A R Y

All r ecommendations from Phase I of this program were incorporated
into the first  preproduction lot . These recommendations were to:

• Incorporate the  elec t roformed standoffs  onto the integrated
circui t

• • Operate the pre amp l i f ie r  stages at a lower supp ly pressure

• Eliminate feedback on the preamplifier

• Use a four- port rat e sensor pickoff

• Pin the P10 link to the shalt

• Use linear high-pass bellow s

• Install the system return on the bottom cover of the
rate sensor

• Modif y the external bolt on resistors to accept -005 ~~~ rings

• In addition , the Lot one integrated circuit (IC) design was modified to
use a high input impedance amplifier as the second stage of the rat e
sensor cascade. Figure 1 is a schematic of the Lot one system.

• 10
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ELECTROFORMED STANDOFFS

The number of “0” rings used in the interface between the IC and the
housing was cut in half by the use of electroformed standoff s in place of
the replaceable mechanical standoffs. In the past , the mechanical
standoffs would sometimes cock , prevent ing a good seal and, therefore,
would require reassembly. Assembly of these two units was also
greatly simplified as the need for aligning 23 standoff s was eliminated.

Configuration of the IC baseplate was also simplified , as it was no
longer necessary to mill channels in the baseplate to rout e signals
below the mechanical standoffs; the channels could be run direct ly to
the electrofo rmed standoffs with the wax mandrel. Figure 2 is a com-
parison between the Phase I and Phase II standoffs . Throughout
Phase II , the electroformed standoffs proved to have all of the advan-
tages anticipated without any detectable performance degradation .

PREAMPLIFIER STAGES

Noise was reduced by restricting the flow to critical preamplifier
stages in which reduced range would not be a problem. As a restric-
tion in the power supply could introduce noise, the restriction was
placed in the return line of the amplifiers. As shown in Figure 1, all
stages except the output stage were restricted with the equivalent of a
0. 027—inch by 0. 027—inch restrictor in their return line. Amplifiers

• 
A 0, A 1 and A 2 used a single 0. 047—inch by 0. 050—inch restrictor in a
common channel to simplifiy the design. The return schematic of Fig-
ure 1 indicates the location of these restrictors. Reducing flow to the
preamplifier stages was significant in reducing system noise , and
these modifications were retained in all subsequent lots.

12
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‘a
b . Phase II Integrated Circuit with Controller .

Figure 2 . Phase I and Phase II Integrated Circuits .
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A disadvantage of the reduced supply flow is its inc reased sensitivity to
changes in fluid viscosity. Amplifier gain varies more rapid ly with a

• variation in viscosity when operating in a low Reynolds number range.
The best of both configurations could be obtained if the preamplifiers
were operated at high flow under cold conditions (to maintain higher

• gain when noise is not a prob lem) and low flow under hot condit ions (to
maintain low noise) . However , gain stability over the temperature
range from 100 °F to 180 °F proved to be satisfactory and comparable to
or better than unit s now operating in the field in TH-57 and 011-58 heli-
copters . Improving operation at lower fluid temperatures would re-
quire significant circuit changes and/or a means of scheduling flow as
a function of fluid viscosity. This task was fe lt to be beyond the scope
of Phase II.

PREAMPLIFIER FEEDBACK

4 
IC preamplifier feedback channels were not modified on Lot one; how-
ever , the feedback restrictors were blocked during component and sys-
tem testing to eliminate feedback. All traces of preamplifier feedback
paths were removed from the mold in Lot three.

Testing in Phase I indicated that this high open-loop gain cascade (oper-
at ional amplifier) produced high-fr equency noise in excess of 100 Hz .
At high fluid temperature condit ions, this noise was large. It was
theorized that when amplified by the output stages, the noise was suffi-
cient to saturate the output amplifier (probably causing it to go tur-
bulent) , greatly reducing its gain and range. The instrumentation used
was unable to detect the high-frequency noise; however , the reduction
in gain and range was readily apparent as oil temperature was
increased.

14
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One disadvantage of eliminating preamplifier feedback is an increase
in gain change as a functio n of temperature. Although the use of feed-
back reduces gain change and null offset , it often requires more am-
plifier stages to obtain the desired gain , thereby compounding the
temperature proble m on one hand while reducing it on the other.

Elimination of feedback also required a reduction of cascade open- loop
gain , Lot one used a lower-gain , high-input-impedance amplifier to
reduce the preamplif ier  cascade gain . Interstage bleeding and other
attenuation methods were also used to reduce preamp lif ier  gain in Lot

• one , but the gain remained excessive until  the Lot two modifications .

FOUR- PORT RATE SENSOR PICKOFF

The configurations of the rate sensor pickoff and the controller housing
were modified to accept a four-port sensor configuration . Two parallel
sets of pickoff s tend to have offsets in the opposite direction , causing
many error sources to cancel when the output s are summed . Doub ling
the number of pickoff ports also reduces the sensor output impedance
by about 50 percent , while increasing loadability (flow- loaded gain) .

Four-port pickoff s were used on all three lots of Phase II; however ,
the short-stem pickoff was used in Lot one, and a long-stem pickoff
was used in the remaining two lots. Relative advantages of short- and
long-stemmed pickoffs will be discussed in the next section.

15
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ND LINK

Pinning the PID link to the shaft , which is a positive locking technique,
eliminated a slippage problem t hat occurred in the Phase I qualification
tests . The modification was used on all Phase II units, and no similar
problems were experienced.

LINEAR HIGH- PASS BELLOWS

E[ectroformed high-pass bellows were purchased from an outside yen-
dor in accordance with Honeywell requirements for effect ive area ,
spring rat e linearity, and range. These bellows were satisfactory on
all three lot s of Phase H and will be used in Phase III production .
Problems associated with nonlinear bellows were eliminated.

SYSTEM RETURN

Phase I testing indicated that installation of the system return on the
bottom cover reduced noise. The new location was used successfully
on all three lots of Phase U and will be used on the production phase.

• Testing to demonstrate the degree of improvement realized by the new
location was not repeated in this phase .

“0” RING GROOVES ON EXTERNAL RESISTORS

Problems of signal blockage and the generation of contamination were
associated with the -004 “0” rings in Phase I. Modification of the re-
sistor baseplate to Incorporate larger -005 “0” rings proved to be a
satisfactory solution arid will be used in the production phase.

16 
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LOT ONE SYSTEM PERFORMANC E SUMMARY

Lot One testing was an evaluation of the production test station, the
test procedure , and the Lot one hardware . In general , all three Later
required modifications for Lot two .

Figure 3 shows the performance of Lot one pilot input devices (PIDS).
All three curves show a large hysteresis (which was determined to be
part of the test setup), a substantial amount of nonlinearity at the ends
(which was partially due to a poor impedance match with the simulated
load), and a relatively large difference in gain between the three units.
PID performance, summarized in Table 1, indicates that the variation
in gain relatively large considering that the components were
selected to be identical.

TABLE 1. PID DATA SUMMARY

Bore Spool
PID Gai n Sleeve Slot Width Slot Length Diameter Diameter

~L~L (psid/jri . ) S/N (in. ) (in. ) (in. ) (in .

1 1. 53 10 0.0040 0. 4500 0.25010 0.24940

2 1. 14 21 0.0040 0.4484 0.25015 0.24925
• 3~’ 1.50 24 0.0040 0.4476 0.25015 0.24940

*Used in first system.

Lot one rate sensor performance was excellent , as shown in Figure 4.
• Linearity Is required to be within ±10 percent. A ctual performance

was better than this by one or two orders of magnitude, eliminating the
need to measure this parameter. Gain is constant w ithin a few percent ,
and loading has a minimal effect on sensor gain . Offset was only about
20 degrees per second and was consistent from unit to unit . System
tests on Lot one showed that the sensor scale factor decreased by about

17
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• - _______________________________________

60 percent when loaded into an amplifier , demonstrating that the corn-

• ponent test station was inaccurate with respect to flow- loaded scale
factor.

One of the Lot one IC’s experienced external leakage when pressurized.
Leakage occurred between the electroforming and the baseplate , m di-
eating poor bonding.

Through an oversight , configuration of the first IC was different from
the intended design. The rate sensor cascade had not been modified to

• incorporate a high-input impedance second stage. The new amp lifier
(mold) had been fabricated , but had not been inserted in the IC mold
in place of the existing amplifier. A fourth circuit , 1C807 , was electro-
formed in Lot one with the desired configuration.

Perfor mance of the rate sensor cascade on 1C807 is shown in Fig-
ure 5. This cascade was loaded in the manner expected when operating
in a system. Gain curves were obtained for three settings of the PID
amplifier iiiput to demonstrate the capab ility of amplifiers one and two
to sum together. The PID amplifier gain for this IC is shown in Figure 6 .
Data was obtained for several values of rate sensor amplifier input to
demonstrate summing.

Through-rate gain is shown in Figure 7 . This gain is dependent on the
characteristics of the amplifiers as well as the through-rate resistors
(R22 and R23 of Figure 1). Through-rate resistors were 0. 016 inch in
diameter for Lot one , but their diameter was increased in later lots.

Driver amplifier gain is shown open looped in Figure 8 wit h data taken
both ahead and behind the 0 .020-inch diameter high-pass resistors
(R8 and R9 of Figure 1). Data for the remaining two Ic, s are included
in Section V . Component and System Performance Summary.
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A system was assembled using rate sensor Number 2 , PID Numb er 3
and IC Number 807 . Size and location of the various restrictors are
shown in Figure 1. Table 2 gives the system performance requirements

versus test results.

TABLE 2 . SYSTEM PERFORMANCE REQUIREMENTS
_ _ _ _ _ _ _ _ _ _ _  

VERSUS TEST RESULTS 
_ _ _ _ _ _ _ _ _ _ _ _ _

Parameter 120° F Requirement Test Result s

• High- Pass 0. 153 ±0.019 psid/deg/sec 0. 169 psid/deg/sec
Rate Gain

Through-Rate 0.033 ±0. 005 psid/deg/sec 0.03 psid/deg/sec
Gain

PID Gain 33.4 ± 4 . 2 psid / in. 17 . O psid/ in.

Noise (120°F) ±0. 2 psid ±0. 02 psid

Noise (178 °F) ±0. 25 psid

Offset ±0. 4 psid -0. 3 psid

Note that the PID gain is low while all other characteristics are within
the specification limits . Numerous techniques were used to reduce the
rate cascade gain, and thereby, permit a higher output cascade gain (use)

less feedback in RiO and Ru ). Reducing the rate cascade to half and
doubling the output cascade gain would result in a rat e gain of 0. 169
psi/deg/sec and a PID gain of 34 psid/ in. Frequency response, which
was normalized to the nominal PID gain , is shown in Figures 9 and 10.
Response is within the established limits. Gain change as a function of
temperature is shown in Figure 11. System noise was excessive at and
above 160°F when the larger 0. 032-inch power supply restrictor was
used . With the 0. 030-inch restrictor , rate gain was maintained within
a ±2 dB limit from 104 °F to 180°F.
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Pressure taps were prov ided on the housing of the Lot one system to
measure signals at the output of the rat e sensor and at the input to the
high-pass bellows. Test s on the rate sensor showed a dead-ended
gain of 0.0078 psid/deg/sec (Figure 12) , which is identical to that
obtained on the component tests (see Figure 4, rate sensor Number 2);
howeve r, the flow-Loaded gain was only 0.003 psid/deg/sec in the sys-
tern as compared to 0. 0076 psid/deg/sec in the component test fixture .
The need for a change in component test fixture loading was indicated .

Lot one system test results indicated that satisfactory gains could be
obtained if one of the preamplifier stages was eliminated from the cir-
cuit. Eliminating one preamplifier stage would require the rate sensor
output to be split between the preamp lifier and the through-rate  restric-
tor s. Additional tests were conducted to evaluate the effect of this
hi gher rate sensor loading.

Gain data were obtained with three types of load on the rate sensor as
shown in Figure 13. Load A is the configuration used in the Lot one
system where the rate sensor drives only one component , the rate
cascade. Load B is the same as load A except that the IC operating
level (therefore , the input amplifier control port level) is biased up
by adding a 0. 072-inch-diameter restrictor under its return standoff .
Load C represents the loading that would be experienced if on ly one rate
sensor cascade amplifier was used. With load C, the rate sensor
drives an amplifier in parallel with a set of 0.016-inch-diameter bleed
resistors to ground .

• Test results are summarized in Table 3. Three rate sensors were
used to show that the specific conclusions obtained would apply to all

1 
product ion units. Serial Numbers (SN) 2 and 3 have a snort output
stem, and their ports have a lower output pressure level than SN 706
sensor , which has a long stein. Matching between the sensor and -j

I
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TABLE 3. SUMMARY OF LOT 1 TEST RESULTS

R12 Oil
VRS Diameter Gain Level Temperature
S/N (in. ) • • - . -  Load (psid / deg/sec) (psi) (°F)

2 0.030 A—807 0. 0029 170
2 0. 030 A— 807 0.0026 3.2 107
2 0. 032 A—807 0. 00225 103
2 0.032 B—807 0. 0019 120
2 0. 030 A—807 0. 00275 120
2 0. 030 A-805 0. 00287 120
3 0.030 A-805 0. 0033 108
3 0. 030 C—805 0. 00225 110

706 0.030 A—805 0. 0042 6.2  96
706 0.030 A-807 0, 004 100
706 0.030 A—807 0. 0045 120
706 0.030 C—807 0. 0028 120

amplifier was significantly better with the long-stem pickoff , SN 706.
Indicat ions are that when levels between the pickoff and the amplifier
control ports approach each other , the reduct ion in flow from the pick-
off to the amplifier results in a reduced amplifier input impedance.
This same characteristic was noted when the control port level was
raised by the use of an IC back-pressure resistor, load B. Input char-
acteristics of ICE s 805 and 807 should be identical, and performance
was essentially the same with both units. Additiona l loading on the rate

sensor with load C significantly reduced its gain; however, this

reduction was less with the long-stemmed pickoff.
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SECTION III
LOT TWO

SY STEM CONFIG URATION SUMMA RY

Hardware changes for Lot two we re :

• Eliminalion of one stage of amplification in the rate sensor
cascade

• Use of a viscosity-sensit ive bleed resistor in place of the
eliminated amplifier

• Fabrication of a long-stem, four-port rate sensor pickoff

• Increase in the width of the PID amplifier control ports from
0.010 inch to 0.015 inch

• Electroforming of the bias restrictors, R27 a and R28 a (see
Figure 14 for location), into the integrated circuit

Test fixture changes for Lot two were :

• Increase in PID loads from 0. 018 inch to 0. 022 inch

• Recording of PID spool travel rather than PID arm travel
on test data

• Increase in rate sensor load resistors from 0. 014 inch to
0. 025 inch in diameter to provide representative loading
on the sensor pickoff
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Major  investigations during fabrication of Lot two were directed to:

• Resolving electroforming problems (bonding)

• Performing a PID paramete r variation study

RATE SENSOR CASCADE A ?V!PLIFIER

In Phase I of thi s program, the rate sensor cascade used feedback to

reduce its gain. However , this “ operational amplifier ” appeared to

generate suff icient high-frequency noise (100 lIz typical) to saturate

the last stage of the driver cascade under high-temperature conditions.

The high-frequency noise did not show up on the recorder , but the

resultant sudden dro p in driver amplifier output range was noted as

fluid temperatures exceeded 150°F . In Lot one, the feedback was

eliminated , and alternate methods we re used to reduce the gain.
A high-impedance, second-stage amplifier resulted in some gain re-

duction . For Lot two this gain reduction was accomplished by elimi-

• nating amplifier A0. Reducing the number of series amp lifiers from

four to three resulted in less gain change with temperature (one less

amplifier to change); however, some of this benefit is lost, as the out-

put cascade now requires less feedback.

VISCOSITY -SENSIT IVE BLEED RESI~~ OR

Flow that was formerly used by amplifier A 0 is bypassed through a

bleed resistor to minimize flow changes throughout othe r parts of the

circuit. Thi s resistor was designed to be sensitive to viscosity1 such

that more flow would be bypassed when the fluid is hot (reduce noise by

supplying less flow to the other amplifiers) and less flow would be

36
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bypassed when the f luid is cold (to improve [ow temperature gain by

supp lyin g more flow to the other amp lif ier s) .

The configuration of this restrictor is shown in Figure 15. Five bypass

cha nnels are 0. 014 inch wide by 0. 018 inch deep by 0. 265 inch long .

The area of this bypass is:

A rea bypass = 5 x 0 . 014 x 0. 018 = 0. 00126 in. 2

A rea of a power nozzle = 0. 0252 0. 000625 in. 2 (1)

Area bypass/ area power nozzle = 2 .016

Under very high tempe rature conditions, thi s restrictor could bypass

nearly twice the flow of an amplifier.  Viscosity-sensitive resistance

of a cha nnel is

R = 1.325 x 10 611L (2)
V C3W

where

R = viscosity-sensitive resistance , lb- sec/in. 5

C = channel height (in .)

W = channel width (in .)

L = channel length (in .)

= fluid viscoE :~entj stokes

For a power nozzle that is 0. 025 inch by 0. 025 inch by 0. 20 inch,

R = 
1.325 x io 6 x 0. 201/ 

2 = 2 .7 ’Vc2 (3)
1/ 0. 025 3 x 0 . 025 (O o2~~22 o2S)
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For a channel that is 0. 014 inch x 0. 018 i nch x 0. 265 inch long,

H = 
1.325 x 1 0~~ X o.265 ’V 

- = 22 . 47-Vc~ (4)

“V (0 . 0l8)~ x 0. 014 ( o. o1~~21~ . o14) 2

Five such channels in parallel have a resistance of

R N = ~~~~~~ ~~~ “- 4. 5~\/~) (5)

• ‘V
Total differential pressure ac ross a channel will be

= QR + (  ~ ) 2 (6)

where

Q = flow , in. 3/sec
R .~, = viscosity-sensitive re~’istance lb -sec/ in~

A = total channel cross-sectional area in~

For a power nozzle with a flow of 0. 14 centis~:okes and a viscosity of 14
centistokes (about 100°F new 5606 oil) the pressure drop will be

= 0. 14 x 2 .7 x 14 + ( 0. 14 
2 ) 2

103 x 0.02 5 (7)

= 5. 3 psi + 4. 7 psi = 10 psi

For the five parallel bypass resistors, the pressure drop would be

= 0.14 x 4 . 5 x  14 
~~ 5 x  103 x O . 014 x 0.011 (8)

= 8.8 psi + 1. 2 psi = 10 psi
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These calculations show that flow through the selected bypass restrictor is

about the same as that for an amplifier at 100°F . Bypass flow increases at

higher tempe rature and dec reases at colder temperature, providing a slight

amount of temperature compensation. Because temperature compensation

was not an objective of the Lot two modifications, the bypass restrictor was

designed to be only slightly more sensitive to viscosity than the amplifier
-

• 

that it replaces. If temperature compensation was to be a major objective ,

the bypass resistor would be designed to have a larger cross-sectional area

and a slightly larger viscosity - sensitive reSistance coefficient .

FOUR-PORT LONG-STEM RATE SENSOR PICKOF F

Lot one test results presented in Table 3 showed the desirability of using

a long-stem rate sensor pickoff to obtain a better match with the IC. The

previously designed long-stem rate sensor pickoff configuration was used

in Lot s two and three .

PID AMPLIFIER CONTROL PORT WIDTH

Input impedance of the PID amplifier was reduced (to better match the spool

slots) by increasing the control port width from 0. 010 inch to 0. 015 in ch.

Test fixtures for evaluating the PID valves and the appropriate specifications

were changed to reflect this modification.

BIA S RESISTORS

Lot one testing showed that a number of restrictors could be removed and

that others could be made larger. R27 and R28 were 0. 012 inch in diameter,

the smallest restrictors in the system. I-I was decided to electroform over-

size re sistors in the R27 and R28 locations , which would be in series with

r larger replaceable resistors.
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The bias circuit consists of 1127, R28 , and R29. For typical flow conditions:

0.012

0.023 CI S R28

The pressure drop across R29 is

~103A~ ~ 
0. 046 

2 )2 
= 3.9 psid (9)

103 x 0. 015

where

= pressure drop, psid

Q = flow, in. 3/sec

A = area, in. 2

The pressure drop across R27 or 1128 is

= (~~~_)2 
= 

~ 

0. 023 2 
= ~ 9 psid103A 0. 0122 (10)

103 x

Resistors 1127 and R28 were replaced by an electroformed viscosity-sensitive
resistor in series with a replaceable 0. 014-inch diameter restrictor. With a
flow of 0.023 cis, the pressure drop across the 0 .015-inch by 0 .015-inch by
0. 0786-inch res-trictors is about 2. 9 psi when the uluid viscosity is 10 centi-
stok~~ and the drop across the 0~~ 14-inch-diameter orifice is 1. 9 psi . The
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new bias circuit is somewhat more restrictive than the previous circuit if
the replaceable orifices are used, and it is slightl y less restrictive if the
replaceable orifices are eliminated . Bias flow will be slightly less at cold
temperatures, increasing the gain of R8 and R9 while reducing the effective
input impedance . All of these factors are consistent with stabilizing gain
over the temperature range .

PID TEST FIXTURE CHANGES

Loads on the test fixture were modified by changing the orifices from 0. 018 —

inch to 0. 022 inch in diameter to reflect the inc rease in the PID amplifier
control port area .

Linkage on the test f ixture had hysteresis, and its lever ratio was different
from that on the system. Test procedures were modified to specify and

• record spool position rather than simulated lever position . Data are now
valid for the spool and sleeve independent of the driving lever arm arrange-
ment . Elimination of the hysteresis is anothe r advantage of this modification.

ELECTROFORMING PROCESS

Problem

Two separate electroforming facilities were used during this program . The
standard Honeywell facility was used for electrofo rming Lots one and two .
The production facility was not debugged until completion of the Lot two
investigations . Experiments on the production plating facilit y demonstrated
marginal bonding, and investigation s-bowed the presence of organic contam i-
nant s that may have Leached out of the new plastic pumps , lines, and tank s.
Removal of these contaminant s, however, did not eliminate the problem
of poor bond strengt h . Problems also began to show up on the hardware

• 
• 

plated in the standard facility.
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Two lots of rate sensors had extremely poor bonds , and one IC leaked at
one location in the bond region. A detailed investigation was required to
determine which parameters were marginal in the existing plating process.

There were three main steps in the electroforming process at the start of
these tests. First, the parts were cleaned in a 10-percent sul phur i c ac id

solution by connecting the positive lead of the power supp ly to the racked
part s and by adj u sting the current to a level slightly below that where
bubbling occurs.

The second and most critical step was activation in a Wood’ s nickel strike . A
304 stainless steel component was inserted in the Wood’ s nickel strike tank ,
where it received a second cleaning with a positive current (anodic) for about
one minute. The current was then reversed, and the strike was plated on the
part at a current density of about 50 amperes per square foot (A / f t 2 ) for a
period of about five minutes . Current density for this plating step was one of
the critical variables under investigation. A 303 stainless steel component

(303 stainless uses an additive of selenium or sulfur or a combination of both
• for machinability) was activated using the same 50 A/ f t 2 current  density for

the same five-minute tim e period , but the anodic cleaning step in the Wood’ s
nickel bath was eliminated. Operating the 303 anodic in the Wood’ s nickel

bath caused the surface to turn dark . This dark surface layer formed an
interface that prevented effective bonding of the electroform ing.

In the final step, part s were electroformed in a Barret sulfamate nickel
electroforming solution after being rinsed in deionized water. Time between
the nickel strike and the elect roforming appeared to be critical, and it was
thought that it should be as short as possible .

Bonding Strength Investigation

Table 4 is a list of the bonding strength tests pe rformed. Test blocks were
fabricated from 303 and 304 stainless steel. Each block had a 0. S inch
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diameter hole in the top and provision s for a hydraulic fitting below, such that
• the plated sample could be pressurized and the quantitative data on the bond

st rength could be measured .

Current density was the first paramete r to be investigated using the production
• plating facility . Test 1 demonstrated an excellent bond at 50 A/ f t 2 activation

current. T ests 2 and 4 fallaciously indicated that current density was critical,
as both higher and lower values produced poor bonds. Test 3 indicated that
the current reversal in the Wood’ s nickel bath was needed , as a poor bond
resulted when this step was eliminated. Test 5, which was a repetition of
the Test 1 conditions, resulted in a very poor bond, indicating that some para-
meter other than current density was a major contributor to bond strength .

Tests 6 through 11 investigated the general theory that the length of time
between electroforming steps was critical. Results were unsatisfactory .
Test 10, which was conducted at the same time as Test 11, indicated that the
production electroforming bath was unsatisfactory and that the good bond on

4 Test 1 was an unusual case .

Tests 12 through 15 demonstrated that the production line Wood ’ s nickel bath
was part of the problem and that the production line electroforming bath was
satisfactory . In Test 15, the Wood’ s nickel strike was accomplished in the
standard Honeywell Facility . The sample was placed in a beaker of Wood’ s
nickel and carried to the production plating line where it was electroformed.
Thi s test proved that the time between the strike and plating is not critical.

Bonds on 303 stainless steel were marginal even when using the established
process. Failures always occurred along the bond rather than causing a
rupture of the electroforming, as was the case when the 304 stainless bonded
properly. In Tests 16 through 21, the cleaning and Wood’s nickel strike pro-
cesses were varied to improve the bond strength. Only Test 17 provided an
excellent bond, but the process was not repeatable .
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Wi th 303 stainless steel,the anodic cleaning step in the Wood’ s n icke l ba t h

was the most critical. In genera l, the sample would turn dark at the start
and then clear- if the current density was increased to 300 A / f t 2 or 400 A/ f t 2

for a period of 90 seconds or longer. It is suspected that this film was pre-
venting a good bond and that it might exist even when it is not visible to the
naked eye . Variations in this “invisible” film is one explanation for the lack
of repeatability in plating bond strength on 303 stainless steel. Process
investigations were directed to eliminate the anodic cleaning in the Wood’ s
bath due to its unpredictable nature . Anodic cleaning in the sulfuric acid
bath did not produce this residue .

Previous testing showed that the production Wood’s bath was unsatisfactory;
this  led to the speculation that the standard bath could also be marginal
af ter several years use. A new one-gallon batch (18 ounces of nickel per
gallon) of Wood’ s nickel solution was prepared in a beaker , and Test 22 was
conducted in this small quantity of unadulterated solution . (Anodic cleaning
in the Wood’ s bath adds stainless steel to the solution , and this could be a
contaminant.) Sample 22 was able to withstand 2, 800 psi, indicating that it
would be satisfactory for the rate sensor application. A failure at the bond
rather than a rupture of the electroforming indicated that the process was
still marginal.

Reducir~tg the strength of the Wood’s nickel strike from 18 ounces of pure
nickel per gallon to 8 ounces per gallon proved to be a major factor in the
improvement of the bond strength. Tests 23 through 29 were conducted with a
one -gallon sample of the low-concentrate solution. All samples proved to be
good ~ ren with delays between the electroforming steps. This series of tests
proved that many of the parameters thought to be critical were not critical .

The 32-gallon production tank was changed to the new low-concentration
Wood’ s nickel strike, and Tests 30 through 34 were performed. This series
of tests showed that the revised process provide s good bonds with 303 or 304
stainless steel and that current density is not a critical parameter.
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Final Production Process

Steps in the electroforming process are now the same for 304 and 303 stain-

less steel with the 8-ounce-per-gallon Wood’ s nickel solution. These steps

are :

1. Parts are cleaned in a 10-percent sulfuric acid bath
for 15 minutes.

2 . Activation is accomplished at a current density of 50 A/ f t 2

in the W ood’ s nickel bath (anodic cleaning in the Wood ’ s
bath was eliminated) .

3. Parts are plated in the Barret sulfamate nickel electro-
forming solution.

Appendix D is a detailed electroforming process specification.

Process Limitation

Rate sensor pickoff s present the only potential problem with the final electro-

forming process when the 303 stainless includes a high concentration of

selenium. Poor test results were obtained (Tests 35 and 36) when a 303

stainless steel test block with selenium was electroformed using the final

process. Eliminating the W ood’ s nickel strike completely also resulted in

poor bonds (Tests 38 and 39). Performing the cathodic operation in the
sulfuric acid cleaning bath rather than the Wood’ s nickel bath gave excellent

re sults, and it was speculated that the contaminants in the cleaning solution

may have helped. When the cathodic operation was done in clean sulfuric

acid (Tests 42 and 43), only the 303 stainless steel with sulfu r resulted in a
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~-~ o 1  bond. Tests  40 through 43 indicated that an optimum process might

~- l im ina te the \\‘ ood’ s nickel bath completely and use a very weak (e.g., 0. 5
ounce of nickel per gallon ) sulfuric acid solution for the cathodic operation .
Optimizing this process would require substantial development effo rt .

•\r i  analysis  of several 303 samples is shown in Table 5. When ordering the
material, the major type of additive s can be specified.

TABLE 5. ANALYSIS OF 303 SAMPLES

Sulfur Selenium
303 Sample (pet) (pet)

Rate Sensor Baseplate (Poor Bond with 0. 30 0. 110
Original Process)

Rate Sensor Baseplate (Fair Bond with 0. 30 0. 060
Original Process)

Test Block (303 with Sulfur) 0.30 0.067

Test Block (303 w ith Selenium) 0. 01 0. 290

The rate sensor baseplates being used in the production run will closely

resemble the 303 stainless steel with sulfur that was used in the testing .

Probability of success is very high using the revised process on the rate

sensor baseplates, and more detailed investigation s are not warranted at

this time . A rate sensor baseplate that previously had a poor bond was re-

plated with the revised process, and the bond was excellent . All production

electroforming will use the process described in Appendix D.

Current Robbers

Plastic shielding was initially used around the edges of the IC during the

plating process to obtain a more uniform current distribution and to prevent
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excessive nicke l buildup around the baseplate edges. One disadvantage of
the shields is that they impede the solution ’s circ ulation around the edges of
the circuit and allow air bubbles to gather, which can result in a void in the
plating. A second disadvantage is that the shields did only a marginal j ob
of preventing nickel buildup at the outer edges. The shields were replaced
with current robbers (wire that is plated along with the circuit) around the
outside of the circuits, and a significant improvement in plating distribution
was observed.

LOT TWO PERFORMANCE SUMMA RY

IC modifications were accomplished using existing channels in the mold
wherever practical. Rate sensor signals passed through R3 and R26 (pre-
viously pr~~mplif ie~~~~edback resistors) as shown in Figure 16 (see page 50).
Resistor “blanks ” , used in place of R3 and R26 to redirect the rate sensor
signal around the thminated first  stage (see page 36), proved to be too restric-
tive , causing the indicated gain of the IC 818 rate sensor amplifier to be only
1.8 psid/psid. Later , when IC’ s 822 and 823 were tested, the resistor blanks
were modified to be less restrictive, and the rate sensor amplifier gain was
increased to 3. 2 psid/psid (Table 6) . Through-rate gain on IC 818 was
also low, confirm ing that there was a loss across R3 and R26 . Output
cascade gains were very consistent for all three IC’ s.

TABLE 6. CHANGE IN GAIN WIT H IC MODIFICATION S

Rate Sensor Through-
Amplifier PID Amplifier Rate Gain Output Cascade

Gain (psid/ Gain (psid/deg/ Gain
• I .C. No. psid) (psid/psid) see) (psid/psid)

818 1.8 3.5 3 . 8  53.0
822 3.1 4.1 7 .2 54. 0
823 3. 2 3. 7 7 .3 53. 5
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Figure 16 . Lot Two Circuit Sket ch .

Performance of the Lot two rate sensors is shown in Figures 17, 18,
4 

and 19. The flow-loaded gain is less than half the dead-ended gain,
which is similar to that experienced during actual operation . The gain
of the long-stem pickoff may be slightly higher than that of the short -
stem pickoffs in Lot one . Null offset appears to be about twice as -

great with the long-stem pickoff , but available data is not sufficient to
prove this relationship. Gains on these curves were revised upward by
about 10 percent as a result of later test facility calibration .

A parameter variation experiment was performed on PID during fabri-
cation of Lot two. Analysis indicated that the width of the metering slot
is the most critical parameter affecting PID gain . PID sleeves were
selected with different slot widths to evaluat e this critical parameter.
Test fixture loads were also increased by changing the orifices to 0. 022
inch in diameter to reflect the lower input impedance of the modified
PID amplifier. T~~t results are presented in Figure 20 and in Table 7 .
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TABLE 7 . LOT TWO PID TEST DAT A

Slot Slot Spool
Sleeve Length Width Diameter Gain Linearity

Controller No. (in. ) (in .) (in. ) (ps id/ in .  ) (pct )

4 16 0. 4428 0. 0035 0. 2494 8. 67 8. 6
5 9 0. 4426 0.0039 0. 2494 8 .5  7 .35
6 35 0 .4424 0. 0044 0.2492 6 .67  15.0

Gain remained within reasonable limits over the complete range of slot
widths from 0. 0035 inch to 0. 0044 inch, which encompasses all PID
sleeves manufactured for this program. Spools were all either 0. 2494
inch or 0. 2492 inch in diameter. Production unit s will use 0. 2494-inch-
diameter spools . This small change in spool diameter significantly
affect s the gai n.

PID requirements have a gain of 7.8 ±1. 2 psi/ in , and a linearity of ±20
percent over the ±0. 04 inch input . The PID specification was revised
to be compatible with the revised test procedure. Note that the hysteri-
sis has been nearly eliminated. Improved impedance matching with the
PID amplifier , improvements in the component test fixture, and im-
proved test procedures resulted in relatively con sistent PID perfor-
mance. Linearity has also greatly improved.

Test results of the Lot two system show an improved performance over
that obtained during Lot one testing. Gain was low due to excessive feed-
back in the existing feedback resistors. Reduced-gain feedback resistors
will permit satisfactory system gains . Overall system performance is
given in Table 8, and system gain as a function of temperature is shown

— in Figure 21. Reducing the feedback will increase system gain, but
gain change with temperature will be somewhat greater than this
extremely consistent characteristic. With the exception ci low gain,
system response as shown in Figures 22 and 23 is within specification
limits.
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TABLE 8. LOT TWO SYSTEM TEST RESULTS

Parameter 120°F Requirement Test Results
High-Pass Rate Gain 0. 153±0. 019 psid/deg/sec 0. 092 psid/ deg/ sec
Through-Rate Gain 0. 033±0. 005 psid/deg/sec 0. 019 psid/deg/ sec
PID Gain 33. 4±4. 2 psid/ in. 19. 5 psid/ in .
Noise (120°F ) ±0. 2 psid ±0. 02 psid
Noise (1800F ) --- ±0. 1 psid
Offset ±0.4 psid -0 .3 psid
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SECTION IV
0 LOT THREE

SYSTEM CONFIGURATION STJMMARy

Changes for Lot three were:

• Extensive modification to channels between rate sensor
input and first-stage amplifier

• Electroforming of through-rate resistors on their separ-
ate blocks. A new mold was fabricated.

• Modification of the mold for the output cascade feedback
resistors to provide lower feedback gain

• Modification of the PID lever to provide better clamping

• Modification of the controller housing to provide test
point s for system calibration

• Use of the revised electroforming process

0 Only three systems were required in Lot three; however, five sets of
hardware were electroformed. This was necessary to provide current
density distributions consistent with those experienced during later
production runs. A schematic of the Lot three system is shown in
Figure 24.
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ft ( I L \ N N E I ,  MODIFICATIONS

Temporary mold modifications for Lot two resulted in long, irregular
pathwiys between the rate sensc.r input and the first-stage amplifier.
When testing proved the Lot two modifications to be satisfactory, they
were made permanent . The configuration of these channels is shown
in Figure 25 . Resistors R3 and R26 are not used; therefore, their
communicating channels and several ~tandoffs were also removed from
the mold. A comparison of the sketch of the Lot two configuration in
Figure 16 with the Lot three photo in Figure 25 will show the difference.

THROUGH -RATE RESISTORS

Lot two system tests indicated that the through-rate resistors should
be increased in area from 2 x 10~~ in. 2 to about 4. 8 x ~~~~~~~~ ~~~~ 

2
Size of the electroformed resistors was calculated to be 0. 022 inch
by 0. 022 inch with a length not to exceed 0. 015 inch. These resistors
are shown mounted in their normal location in Figure 25.

FEEDBACK RESISTOR S

Output cascade feedback resistors (RiO and R u ), as shown in Figure
24 , consist of three legs. The A and B legs each contain five series
restrictors that are 0. 015 inch by 0. 015 inch. The C leg formerly con-
sisted of two 0. 015 inch by 0. 015 inch resistors in series. This leg
was modified to be a single 0. 015-inch-deep by 0. O23-inch-wide resistor

j  
to provide a lower feedback gain and, therefore, a higher output cas-.
cade gain.
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PID LEVER MODIFICATION

Clamping of the PID lever arm to its vertical shaft was improved by

extending the slot in the arm beyond the hole as shown in Figur e 25.

TEST POINTS

Proper calibration requires a measurement of the signal ahead of the
high pass. Pressure taps were designed into the controller housing at

the input to the high-pass capacitors. Only one of the controllers was

modified to provide additional test points at the output of the rate sen-

sor to facilitate detailed measurements of rate sensor performance
under operating conditions. This second set of test points, which is

visible in Figur e 25 , is not necessary for system calibration.

ECW PROCESS

The revised process described in Section III and Appendix D was used
to fabricate the Lot three components. Five sets of components
(instead of the required three sets) were electroformed to provide the
same current density distribution that will exist in the production runs

(four lots of five).

LOT THREE PERFORMANCE SUMMARY

IC performance,which is summarized in Table 9, was consistent with
that expected from the Lot three modifications. The only unexpected
performance characteristic was the rate sensor amplifier gain, which
improved more than was expected. Lower amplifier mass ratio due to

64
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TABLE 9. SUMMARY OF LOT THREE PERFORMANCE

Rate Sensor PID Amplifier Through - Output Output Cascade
I. C. ~ o. Amplifier Gain Gain (psidi Rate Gain Cascade Gain With Feedback
__________ 

(ps id/psid) ps id) (psid/ deg/sec)  (psid/psid) (ps id/psid)

850 4 .3  3 .3 11.8 59. 3 9 .3

851 3.6  3. 5 11. 8 51.4 9 .0

853 4 .0 3.4 11. 5 48 .6  9 .2

larger through-rate resistors is one explanation. Through-rate gain
also increased because of the larger area of the electroformed through.-
rate resistors. Appendix C presents the final IC specification.

Lot three rate sensor performance is shown in Figures 26 through 28.
Output loads were reversed to show that the test fixture was not the
cause of flow-loaded null offset. Gains are consistent with system re-
quirements. Gains were later proven to be higher by 10 percent as a
result of facility recalibration. (Appendix B presents the final rate
sensor specification. )

Lot three PID’s were selected to be identical in performance; however,
their performance differences were significant. All PID hardware was
fabricated as a single lot at the beginning of this program; only the
elec-t roformed hardware was to be fabricated in separate lots. Quality
of workmanship, specifically surface finish on the spool inner diameter,
was relatively poor and was one cause for a substantial variation in
PID performance. Drawings were modified to require a number
16 surface finish in this bore; however, this will not apply to the Phase
III production hardware as the parts have already been fabricated.
Results of Lot three PID tests are given in Table 10. Gain on two of the
units Is slightly high. Appendix A presents the final PID specification.
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TABLE 10. SUMMARY OF LOT THREE PID PERFORMANCE TESTS

Sleeve Data Spool Data Performance

Slot Slot Bore
Width Length Diameter Diameter Gain Linearity

Controller S/N (in. ) •(in. ) (in. ) (in. ) (psid/in. ) (pctl

7 1 0. 0039 0. 4484 Data 0.2494 9. 38 23. 3
Not

8 18 0. 0039 0. 4463 Avai lable 0.2494 7. 56 11. 2

9 28 0.0039 0.4471 0.2494 9.69 9.2

The Lot three system was calibrated to obtain the gains given in Table 11.

TABLE 11. LOT THREE SYSTEM GAINS

Parameter 120 °F Requirement Test Result s

High-Pass Rate Gain 0. 153 ± 0. 019 psid/deg/sec 0. 157 psid/deg/sec

4 Through-Rate Gain 0. 033 ± 0. 005 psid/deg/sec 0. 03 psid/deg/sec

PID Gain 33.4 ± 4. 2 psid/in. 33 psid/in.

Noise (120 °F) ± 0. 2 psid ± 0. 05 psid

Noise (178 °F) ± 0.25 psid

Offset ± 0.4 psid ± 0.1 psid

Frequency response for the system is shown in Figures 29 and 30.
Because all gains were within specification limits, it was not necessary
to normalize either of the curves shown. Gain as a function of temper-
ature is shown in Figure 31. A second IC was installed in place of the

- I 
first IC, and the tests were repeated with nearly identical results.
Variation in gain with temperature is greater than it was for Lot two,
and it appears that the reduced feedback on the output cascade is the
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major contributor . However, this reduced feedback is necessary to
obtain the required system gain. Overall performance is good , and
this system would be satisfactory for installation into the OH-58 heli-
copter yaw axis.

Minor changes were made in the system specifications due to component
changes (and minor text errors). The original specification used as a
guide was the text describing field test units under contract DAAJO2-73-
C-0046. The final specification to be used for the Phase III produc-
tion units is presented in Appendix E. 
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SECTION V
cOMPONENT AND SYSTEM PERFORMANCE SUMMARY

PILOT INPUT DEVICE

Component testing proved to be an effective method of screening PID
assemblies to uncover gross deviations in performance. The wide
variations in PID gain , as shown in Table 12, is attributed to a poor
surface finish on the sleeve bore. Gain on the first three units is
expressed in terms of simulated lever arm travel rather than spool
travel, and these numbers are not directly comparab le with unit s four
through nine. A substantial gain variation can be to lerated as the PID
linkage can be shimmed to adjust overall PID gain.

TABLE 12 . SUMMARY OF PID TESTING

Sleeve Data Spool Data Performance

Slot Slot
Width Length Diameter Gain Linearit y

- — 
Controller S/N (in.) (in.) (in.) (psid /deg/in. ) (pct)

Lot 1 1 10 0.0040 0.4500 0. 24940 1.53

2 21 0.0040 0. 4484 0. 24925 1.14
3 24 0.U040 0 .4476 0. 24940 1.50

Lot 4 4 16 0.0035 0.4428 0. 24940 8. 67 8. 60
5 9 0.0039 0.4426 0. 24940 8. 50 7 . 35
6 35 0.0044 0.4424 0. 24920 6.67 15.00

Lot 3 ~ 1 0. 0039 0. 4484 0. 24940 9. 38 23. 30

8 18 0.0039 0. 4463 0. 24940 7 . 56 11.20

9 28 0.0039 0.447 1 0. 24940 9. 69 9.30

These units were tested on a setup that recorded simulated lever
arm position , not spool position.

Used in system tests.
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VORTEX RATE SENSOR

Rate sensor dead-ended gain is an extremely consistent parameter
among units in a single lot and is consistent between lots (Table 13).
Dead-ended gain of the short-stem pickoff of Lot one appears to be
about 15 percent less than that of the long-stem pickoffs in Lots two
and three. Loads on Lot one were too small, and the flow- loaded gain
was much higher than was experienced in system tests. Proper flow
loading was provided for Lots two and three .

Null offset is the greatest variable in rate sensor performance; how-
ever • the degree of variation experienced in this program appears to be
satisfactory.

TABLE 13. RATE SENSOR PERFORMANCE SUMMARY

Rate Dead-Ended Flow-Loaded Flow-Loaded Offset
Sensor Gain Gain Noise Flow-Loaded

Lot S/N (psid/deg/sec) (psid/deg/sec) (ps[—PP) (deg/sec)

1 0.0080 0.0076 
(13 

0. 008 18. 0

1 2 ( 0. 0076 0.0076 (i~~~3 
0. 007 16.9

3 0. 0080 0. 0074 0. 001 10. 7

819 0. 0094 (13 0. 0038 0. 003 29.6 CW

2 820 0. 0094 0.0033 0.006 70. 0 CW

821 0. 0089 0. 0036 
(13 0. 003 32 . 0 CCW

830 0.00 92 0. 0047 (
~13 0. 005 30. 7 CCW

3 831 0. 0096 0. 0052 0. 002 18. 6 CW

832 0. 0088 0. 0044 0,004 8. 8 CW

F~~cessive flow-loaded gain indicated .

(13 Used in system tests.

These numbers are modified upward by about 10 percent from earlier
reports as a result of later equipment calibration data.
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iNTEGRATED CIRCUITS

IC test result s are summarized in Table 14. Variat ions in rate ampli-

fier gain and through-rate gain are consistent with the circuit and test

fixture modifications for each of the lots. The output amplifier cascade
was one of the few areas of the IC that remained unchanged throughout

all three lots.

SYSTEM

Components from each lot were assembled into a system and tested .
Table 15 defines the configuration of the tested system for each
lot. -

System test results for each lot are summarized in Tab le 16. The

required ratio of PID gain to rate gain could not be attained on Lot one
due to excessive rate cascade gain. Eliminating one stage on the rate

cascade in Lot two made it possible to attain the required gain ratio;

however , overall gain was too low due to excessive feedback in the out-

put cascade. Proper feedback resistors were designed for Lot three,

and the required system gains were obtained. The Lot three configura-

tion was selected for Phase III production without further modification.
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TABLE 14. INTEGRATED CIRCUIT PERFORMANCE SUMMARY

Int egrated Rate Sensor PID Ampli f ier  Throug h-Rate Output Cascade Output Cascade
Circuit Amplifier Gain Gain Gain Gain . No Feedback Gain - FeedbackLot (S/N) (psid/psid) (p aid/ps id)  (ps id/deg/sec) (psid/psid) (psid /psid )

SOS 15. 5 (13 2 .9  18.6(I3G~3 56

1 606 16.0 (13 3. 4 l6 . 5 ( ~i)(~~)

807 9 .0 4. 0 24.0®® st
818 (,~~ j .  ~ 3. 5 3. 8 53

2 822 3.1 (~j  4.1 7 .2®® 54

82 3 3.2 3. 7 7 .3 54

850 (~3 4 .3 3. 3 11. 59 9.3

3 851 3.6 (13 3.5 11.8~~~X~~ 51 9 .0

— 

853 4.0 3. 4 11.5®® 49 9.2

These circuits have a two—stage rate cascade wit h a high—gain second stage.

(13 0. 016 inch diameter through-rate resistors used.

(iJ These units were selected for later system tests .

(13 This circuit has a two-stage rate-cascade with a lower-gain second stage .

Rate sensor cascade reduced to only one stage.

Tested with R3 and R26 resistor bla nk s , which wei~e too restrictive.

0. 022 inch by 0.022 inc h square electrof ormed through - rate resistors used.

TABLE 15. CONFIGURATION OF THE PHASE II SYSTEMS

Controller IC PID Rate Sensor
-: Lot (S/N) (S/N) (S/N) (S/N)

1 3 807 24 2

_________ __________ 

::: 
______ 

:~:
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TABLE 16 . SUMMARY OF PHASE II SYSTEM TEST RESULTS

Lot One Lot Two Lot Three
Parameter  120’F Requ iremen t 

— Test Result s Teat Results Test Results

High-Pass 0. 153 ± 0. 019 psld/deg/sec 0. 169 psid/deg/sec 0. 092 psld/deg/sec 0. 157 psId/deg/secRate Gain

Through- 0. 033 ± 0.005 pst d/deg/ sec 0.03 pst d/deg/sec 0. 019 psid / deg/sec 0. 03 psid/deg/secRate Gain

PID Gain 33. 4 t 4 . 2 paid / in . 17.0 psid/In. 18. 5 paId/In . 33.0 paid / In.
Noise (120’ F) ±0. 2 paid ±0 .2 paId ±0.02 paId ±0.05 paid

Noise (178’F) ±0 .25 paid ±0.010 paId ±0.25 paId

Offs et ±0. 4 paid -o . 3 paid -0 . 3 p sid —0 . 1 paid
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SECTION VI
CONCLUSIONS

• The pilot production line, which was fabricated and optimized in
this phase of the program, is capable of producing satisfactory
hydrofluidic yaw -axis control systems.

• Modification of the electroforming process improved bonding and
resulted in a more uniform plating thickness on integrated circuits.

• Resistors can be accurately electroformed onto the integrated
circuit. Their sensitivity to temperature can be either empha-
sized or minimized in a predictable manner.

• Viscosity-sensitive resistors in bias and bypass circuits have
good potential for temperature compensation. Optimization of

4 these techniques was beyond the scope of this program .

• Configuration of the 20 production units in Phase III will be
identical to the unit calibrated in Lot three of this phase.
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APPENDI X A
SPECIFICATION FOR PEDA L INPUT DEVICE (PID)

SPEC(HCATION NO. [ OS 255 15-Or 1
TYPE: 0 SYSTEM 0 DEVELOPMENT 0 PRODUCT 
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TITLE: PEDAL INPUT DEVICE (PlO)

SIGNATURES DATE
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SPEC IF ICATI ON NO. [~5~ 25515 -01

1.0 SCOPE

This specification defines the requirements for identification and accept-
ance of the pilot input device (PID) which is a component in the YG11S8AO1
Yaw Stab ility Augmenta tion System.

2.0 APPLICABLE DOCUMENTS

The following documents , draw i ngs , and spec ification shall apply to the
extent spec ifi ed here i n:

MIL-H-5606 Hydraul ic Fluid , Petroleum Base , Aircraft
Miss ile and Ordnance.

DS 24860-01 Yaw Axis Stability Augmentation System

3.0 REQU iREMENT S

3.1. Standa rd Tes t Cond iti ons

Flu id MIL—H-5606 hydraulic fluid

Flu id Temperature 120°F + 5°F
Amb ient Temperature 70°F + 5°F
Back Pressure 50 + 5 psi

Supply Pressure 10.0 + 0.05 psi above back pressure

3.2 Test Conf iguration

- 
- The PID shall be tested in the confi gura tion shown in Figure 1. Input

displacement shall be measured in terms of spool motion.

3.3 Componen t Performance

3.3.1 Gain

The PID gain shall be 7.8 + 1.2 psi/inch of spool as measured over ± 0.04
inches of input.

3.3.2 Range

The spool range shall be a minimum of + 0.06 inches. Linear range shall
be ± 0.04 inches.

PAGE 2 I t I V I
___ OS 2551 5-0) J

MT/X
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SPECIFICATION NO. ( OS 25515-01

3.3.3 Linearity

The PLO l inearity shall be with in 20% over a ~- 0.04 inch Input , i.e., devia-
tion of the output from the nominal gain curve shall not exceed + .06 psi
over the + 0.04 inch linear range after eliminating the effects of data
scatter due to no ise and hysteresis.

4.0 QUALITY ASSURANCE

4.1 Assembly and Identif ication

The PLO spool and sleeve will be assembled into a system housing and seri-
al ized.

4.2 Test Set-Un

The PLO will be mounted on a test fixture capable of testing the PID in
the configuration of paragraph 3.2 and tested under the conditions of pars-
graph 3.1.

4.3 Component Performance

With a x-y plotter , draw a curve of differential output pressure as a func-
tion of cable displacement. Use the curve to determine the compliance
with the requirements of paragraphs 3.3.1, 3.3.2, and 3.3.3.

PAG E 3 r~vJ

OS 25515 -01 j
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APPENDIX B
SPECIFICATION FOR HYDROFLUIDIC VORTEX RATE

SENSOR PICKOF F

SPECIFICATION NO. I D8 24949—01 1

TYPE: 0 SYSTEM 0 DEVELOPMENT 0 PRODUCT I
~~J OTHER

TITLE: NYDROFLUIDIC VORTEX RATE SENSOR PICKOFF

SIGNATURES DATE

PREPARED BY 
L Posinglee - ,~

j . ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
APPROVED BY -- / -
PROJECIENOR . 1~ ~ < (, 

~~~ 
&. ~( ~

(

RE VISIONS

LIP DESCRIPTION DATE APPROVAL LIP DESCRIPTION DATE APPROVAL

PAG E 1 1  __________ _______________________________

REVISION I -
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SPECIFICATION NO. DS 24949—01

1.0 SCOPE

This specification defines the performance of the hydrofluidic
vortex rate sensor pickof I which is an electroformed component
in the YG1158AO1 Yaw Stability Augmentation System.

2.0 APPLICABLE DOCUMENTS

The following documents , drawings , and specifications shall apply
to the extent specified herein.

MI L -.JI —56 06 h ydraulic Fluid , Petroleum Base ,
Aircraft , Missile , and Ordnance

DS 24947—01 Yaw Axis Hydrofluidic Stability
Augmentat ion System

10058162—10 1 Pickof I
- 

- 
3.0 REQUIRE MENTS

3.1 Test Conditions

The rate sensor pickoff shall be tested under the following test
conditions :

Fluid MI L~~H_ 56Og hydrauli c  oil
Fluid Temperature 128 F ± ~~ F
Ambient Temperature 70 F + 5 F
Supply Flow 1.90 ± 0.05 cis
Back Pressure 50 + 5 psi

3.2 Test Configuration

The rate sensor pickoff shall be combined with the appropriate
number of coupling rings and assembled into a test failure that
simulates the YG 1158AO 1 housing. The test fixture should have
provisions for measuring input rate , supply pressure , supply f low ,
output pressure level , and differential output pressure . The
rate sensor pickoff should be tested with the output deadened and
loaded into 0.0225 inch dia. orifices . Size of tite secondary
sink orifice shall be 0.035 in. dia .

PA GE 2 R E V

l)S 24949—0 1
~4S-2 51
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SPECIFICATION NO. IDS 24949—01 1
3.3 Pickoff Performance

3.3.1 Scale Factor: The deadened scale factor of the pickoff shall
be .0094 + 0.001 psi/deg/sec. Wit h the sensor pickof f loaded
into a paTr of 0.0225 inch dia. orifices , the scale factor shal l
be 0.005 + 0.001 psi/dee/sec.

3.3.2 Null: The deadened and flow—loaded null offsets shall not exceed
an equivalent of + 75 deg/sec.

3,3.3 Noise~ The deadened and flow—loaded noise shall not exceed an
equivalent of + 1.0 deg/sec when measured through a double lag
filter network with a time constant of 0.016 sec.

3.3.4 Range: The rate sensor pickof I shall have a minimum output range
equivalent to + 50 deg/sec input .

3.3.5 Linearity: The linearity shall be within ± 10% of the outputran ge defined above.

4.0 QUALITY ASSURANCE

4.1 Assembly and Identification

The ra te sensor pickoff shall be serialized and assemb led with
coupl ing rings.

4.2 Test Set—l~p

The rate sensor pickoff with the coupling rings shall be mounted
into the test fixture described in paragraph 3.2 and tested under
the conditions of paragraph 3.1.

4.3 Component Performance

Wi th a x—y plotter , draw a curve of differential output pressure
as a function of rate input with the pickoff deadened and with
the pickoff flow— loaded. Use the curves to determine compliance
with the requirements of paragraphs 3.3.1, 3.3.2, 3.3.3, 3.3.4,
and 3.3.5.

Also record the output pressure level, supply pressure , and
return pressure for both conditions.

(PAGE REV

24949—01
H5- 251
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A PPENDIX C
SPECIFICATION FOR HY DROFLUIDIC INTEGRATED

AMPLIFIER MANIFOLD CIRCUIT

SPECIFICATION NO . I OS 24950-01 I
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SPECIFICATION NO. [~is 24950-01 I
1.0 SCOPE

This specification defines the performance for the Integrated AmplIfier-
Manifold  Circuit. This electroformed unitized hydrofluidic circuit pack-
age is a component in the YGI1 58AO 1 yaw Stab i l i ty  Au~nent at ion System .

2.0 APPLICABLE DOCUMENTS

The follow ing documents and drawings and the applicable specifications
referenced therein sha l l  apply to the extent specified herein.

M IL — H — 5606 Hydraulic f l u i d i c , Petroleum Base , Aircr aft ,
Missile and Ordnance

OS 24860—01 Yaw Axis Hydrofluidic Stability Auginenta—
t ion System

C 13789AA01 Circui t  Schemat ic

10050022 Manifold , Ampl i f i e r

3.0 REQUIREMENTS

3.1 General

The integrated asnpli f ier -man i fo) d c i rcu i t  conforming to drawing 10050022
shall conta in the following circuits.

3.1.1 Rate Sensor Circui t

Amplif ier , resistors and manifolds comprising this circuit provide impe-
dance matching and amplification of rate sensor output signals. One s i qn I1
from this circuit is summed with the output si gnal from the pilot input
cascade at the input to the high pass capacitors. The other signal from
the rate sensor c i rcu i t  is summed in the output cascade.

3. 1.2 Pilot Input Circuit

Components of th is circuit provide impedance matching and amplification
of pilot inp ut device signals. The signal from this circuit is sum med
with an output from the rate sensor amplifier at the input to the high
pass capac itors.

3.1.3 Output Cascade

Components of th is circuit provide impedance matching and amplific ation
of s i gnals from both the hi gh pass c a p a cit o r s  and the rate sensor Cir cui t.
Output from the out pu t cascade pr ovides imp edance matched commands to t!u’
10047853 servoactuator.

PAGE ~ III v]

DS 24~)5U -OI
HS.257 MT/X

88

- _ _ _ _ _  - - - - - - - _ _  _ _ _ _



SPECIFICATION NO. [ OS 249SO -Oi~~~
3.1.4 Bias Netwo rk

Restrictor and man i fo ld ing  combine to provide bias flows to the downstream
side of the h i g h  pass. Electrof ormed restr ictors , provide the prop er f l ow
div is ion  between the- two capacitors.

3.1.5 Man l fo lding

Add itional man ifolding in the integrated circuit distrib utes supply flo- ~,to ampl ifiers and to the pilot input device. Manifolds provide commun i-
cat ion between components. Manifolds also function as a return ‘ground”
for amplifiers , net-works and the rate sensor.

3.2 Envir onment
3.2. 1 Temperature

The in~egrated 8i rc u it  sha l l  operat e over the amb ient temperature rangefrou~ 0 F to 180 F when the operating fluid is in the range of +40°F to
180 F.

3.3 Power Suppjy

3.3.1 N o m i n a l  Su pp ly

Input power to the integrated circuit will be hydraulic fluid per MIL—H-
A 5606 at a nominal pressure of 63 psig with a return pressure of 50 psi g.Integrated circuit supply flow will be 0.7 cis (not including pilot input

device f low) .
3.3.2 Proof Pressur e

Integrated c i r c u i t  proof pr essure will be 900 psig (1.5 x system supplypr essure)

3.4 C i r c u i t  Performance

All performance requirements in this section pertain to normal operating
condit ions. Normal operating conditions are defined as:

Ambient Temperature 70°F + 5°F
Hydraul ic Fluid Temperature 1200F + 5°F
Hydraul ic Fluid Pressure 63 psi9 nominal ahead of circuit

- 1 50 psig return pressure
Hydraulic Fluid Flow 0.7 + .01 cis. (with pilot input device

passage blocked).

PA GE 3 I I  V

24~)~’J — O I
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SPECIFICATION NO . OS 24950-01

3.4.1 Rate Sensor Circuit

Requ irements apply when si gnal levels and load Impedances are as def ined
In Figure 1. Si gnal (~~~P2) into the PID amplifier shall be zero.

3.4.1.1 Null - Output offset (~~ P5) shall not exceed 0.5 PS ZD.
3.4.1.2 Range - Lin~ ar range shall be at least 1.0 psid at the Output (~~~P5) .

Slope of the output vs. input shall not reverse over an Input range of
+ 0.5 psid.

3.4.1.3 Ga in — Rate circuit gain shall be 3.4 ‘ 0.5.
3.4.1.4 Noise - Noi~~~ at the output shall not exceed 0.03 psid peak to peak when

measured by a double lag filter network with a time constant of 0.016
seconds .

- 
- 

3.4 .1 .5 Lineari ty  - Cascade linearity over the output range of + 1.0 psid shal l
be ~iithi n ÷ 15% (i.e. +0.15 ps id). Linearity is define~ as the max imum
devi Li o n fro~ ~n extension of the linear portion of the gain curve , withi n
the requ~ r-2d output ranq-~ after eliminating the effects of noise.

3.4.1.6 Leve l - Output leve l (P7—i) shall be 5 + 1 ps ld .
3.-’t.2 Pilo t in~:it C~sc ide

Req u i r~-” :t~ £~r ) a ly  -.-:hen si gnal levels and output impedance are as defined
in Fi~ ur~ 1. This Figure also defines locations for input and Output.
See s~ct ion 3.4.1 for definitions of noise and linearly.

3.4.2.1 Null - N u l l  offset at the output (~~~P5) , shall not exceed 0.5 psid.

3.4.2.2 Range - Linear range at the output shall be at least + 1.0 psid.
3.4.2.3 Ga in — C.~s c mie ~ja in shall be 3.4 + 0.5.

3.4.2.4 Noise - Pea’< to pe.~ noise at the output shall not exceed 0.03 psid.

3.4.2.5 Linearity - Cascade line arity shall be within + 15% of the design output
raIi qe (i. e . + 0. 15 psid).

3.4.3 Out put Casc ade
Requiiremcnt~ ?r~m ly -:Then si gnal levels , input impedance and output imped-
ance are as so~cif ied in r iqure 1. Unless otherwise specified through
rate res istnr; (R?2 ar id 1P3) will be operating and feedback resistors (Rio
and R u )  w i l l  be blocked .

PAGE 4 11Ev
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SPECIFICATION NO. L OS 24950-01 1
3.4.3. 1 Nul l  - Input required at ~~ P6 i n order to nu l l  output at A PlO sh a l l

not exceed 0.05 psid. With flow to input no. 3 “off ”  and feedback resi-;-
tors (RIO and R u )  operating the differential pressure at A P4 requir~d
to nul l A PlO shall not exceed 0.10 psi.

3.4.3 .2 Ran ge — Output cascade range shall be ÷ 2.5 psid or greater when driven
by input number three (AP3). This output shall not decrease to less
than + 2 psid when thetmP3 input is increased to + 0.4 psid. With the o’I~-
put cascade at null (A P3 = 0) inputs to the rate sensor circuit ( L ~ P~shall provide a linear range at the Output of ~

- 1.0 psid or greater .

3.4.3.3 Gain — Gain from AP€ to L~ PlO shall be 54 ÷ ii. Gain from ~~~P -~ to
AP1O w ithout feedback shall be 11.8 + 1.8. Gain from A P3 to A P1O
without feedback shall be 19 + 4 and wTth feedback shall be 9.2 ~- 1.4.

3.4.3.4 Noise - Peak to peak noise at the output shall not exceed 0.4 psi peak
to peak .

3.4.3.5 Lineari ty - Cascade linearity shall be within + 15% of the design output
range ( i. e. -f 0 .15 psid for .A P4 inputs over a + 1.0 psid range  and +
0.30 psid for A P3 inputs over a + 2.0 psid range).

3.4.3.6 Pressure level - With R22 and R23 operating and with the feedback c p c r r 1 - - -
the pressure level at P7—2 shall be 5 + 1 psid abnve circuit return p -e

3.5 Product Confi guration

3.5.1 Drawing Number 10050022 is the assembly drawing for the integrated ampli-
fier circuit.

4.0 QUALITY ASSURANCE

Every un it manufactured will be serialized , tested and data will be docu-
mented for future statistical analysis in accordance with the require melts
set forth in this section .

All performance data shal l  be obtained at normal operating conditions w h ici
are defined as:

Amb ient Temperature 70°F + 5°F

Hydraulic F lu id  Temp erature 120°F + 5°F

Test f ac i l i t y  matched resistors shal l  be reversed p er iodical ly  to demon-
strate degree of matching .

PAGc 5

US 24950 -01 ]

91

________ ~~~~~~~~~~~~~~~



-- - --U- _ _ _ _ _ _

I 

- - — — - — - 
~~~~~~~~~ -:~~~~~~~~~ 

-
~~~~~

SPECIFICATION NO . L o s  249 5O_ 0~~~j

4.1 Powe r Sup ply

4.1.1 Nominal  Supply

Hyd rau l i c f l u i d suppl y must conform to MIL-H- 5606.
4.1.2 System Flow

W i t h  the c i r c u i t  connected to the conf i gurat ion defin ed in Figure 1 the
Sup p ly  flow shall be adjusted to 0.70 + .01 cis. Record supply pr-~ssurelevel and maintain this difference between supply and return throi~jhout
qual ity assurance testing. Repeat total system input flow measu~-ementafter each major circuit change and record but do not change supply pres-
sure.

4.2 Rate Sensor Cascade

Set up the rate sensor cascade with resistors and pressure levels as de-
fined in Fi gure 1. Differential pressure at AP2 must be zero for the;o
tests. Through rate resistors must be operating to obtain required levek.

Figure 2 outlines the method for establishing null and range character-
istics of the rate sensor amplifier. Data are to be recorded on a form
similar to that shown on Fi gure 3.

4 .2.1 Nul l

Referring to Figure 2, establ ish the mid— point of the gain curve. Oistanco
A is the null offset of the subject amplifier relative to its input .
Record offset C which is the same offset related to the amplifier output.
(Note: B is the offset of the PlO amplifier in the example shown.) Compare
C with the requirements of Paragraph 3.4.1.1.

4.2.2 Range

Record d imension h (See Figure 2) compare to the requirements of Paragraph
3.4.1.2 .

4 .2 .3  Ga in

Establish the slope of the A PS vs. A P4 curve , record and compare to
requ irements of Paragraph 3.4.1.3.

•1 
4 .2 .4  Noise

Record peak to peak noise level at the A P5 location. Compare to Para-
graph 3.4.1.4.

_ _  

4
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SPECWI CATION NO. I OS 24950-01 I
4.2 .5  L I n e a r i t y

Over the range of + 1 psid about the amplifier point of symmetry measure
the maximum dev ia t i on  from the nomina l  ga in  l i n e .  After  subtract in~j theeffects of noise , record this deviation and compare to the requirements
of Paragraph 3.4.1.5.

4.2.6 Level

Record level 7-1. Compare to requirements of Paragraph 3.4.1.6.

4.3 Pi lo t  Input Cascade

The p ilot input cascade (sometimes referred to as the PlO amp) is summed
w ith the rate sensor cascade. The method used to obtain null and range
is shown on Fi gure 2. Data is to be obtained from the AP5 vs. A P2
gain  curve where A P4 i s ma i n ta i ne d a t zero A P.

4.3.1 N u l l

Record offset C defined in Figure B. Compare to requirements of Paraoraph
3.4.2.1.

4.3.2 Range

Record dimension H (Figure 2) and compare to Paragraph 3.4.2.2.

4.3.3 Gain

Establish slope of the A PS vs. A P2 curve , record and compare to the
requ i rements of Paragraph 3.4.2.3.

4.3.4 Linearity

Measure linearity over the range of +1 psid and compare to the requirements
of 3.4.2.5.

4.4 Output Cascade

Set—u p the output cascade with resistors and pressure levels in accord-
ance w ith Figure 1. Record required data on a form similar to Fi gure 3.

4.4.1 Null

Measure nu lls in accordance with the requirements of Paragraph 3.4.3.1
and record.
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SP E C IFICA T IOI ~ NO. ( OS 24950-01 J

4. 4.2 Range

Obtain  range data fr om a m p l i f i e r  ga in  curves , compare to the requirements
of Paragra ph 3.4.3.2-and record.

4. 4.3 Gain

Obta in the four gain curves described in Paragraph 3.4.3.3, ca lcu la te
circuit gain under each condition and record.

4.4.4 Noise

Record no ise at the output of the cascade and compare to requirements of
3.4.3.4.

4 .4.5 L i n e a r i t y

Calcula te  l inear i ty for the cond itions outlined in 3.4.3.5 and record.

4.4.6 Pressure Level

Record level at P7 -2 and compare to requirements of Paragraph 3.4.3.6.

PAGC
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SPECIFICATION NO. Os 24 kJ50_ 01 ]
INTEGRATED CIRCUIT TEST DATA

r .c .  Number ________— Lot Number _____—________ Date 
______

Flui d Temp ______ 
Ckt .i~~P - 

Flow ___________

Circu it Parameter Recorded Value Requirement/Parayr3ph

Ra te Sensor Nu ll ( .~~ P5) 
+ 0.5 PSID 3.4.1.1

Range + 1 PSID 3.4.1.2
Reversal ÷ 0.5 PSID in 3.4.1.2
Ga in 3.9 + 0.5 3.4.1.3
No i se 0.03 Max 3.4.1.4
Linearity + 0.15 P510 3.4.1.5
Level (7-1) 5 + 1 PSID 3.4.1.5

PlO Amp Null (z~~P5) +~~•5 PSID 3.4.2.1
Range ± 1 P510 3.4.2.2
Ga in 3.6 + 0.5 3.4.2.3
Linearity + .15 PSID 3.4.2.5

Out;ut Cascade Null ( ~~ P6) ~ .06 PSI Max 3 .4 .3 .1
4 Nufl (~~~P4) 0.10 PSI Max 3.4.3.1

Range (
~~ P3 Input) + 2.5 PSID 3.4.3.2

Range (~~~P4 Input) + 1.0 P510 3.4.3.2
Ga in ~~ P6/~~~P10 ~4 + 11 3.4.3.3
Ga in L~ P4/~~~P10 11 ~ 1.8 3.4.3.3
Gain L~P3/L~.P10 (No FB) 19 ~ 4 3.4.3.3
Ga in L~ P3f~~~P10 (F8) 9.2 + 1.4 3.4.3.3
No i se 0.4 PSI Max 3.4.3.4
Linearity AP3 + .3 PSI Max 3.4.3.5
Linear ity AP4 ± .15 PSI Max 3.4.3.5
Pressure Level P7-2 5 ÷ 1 P510 3.4.3.6

FIGURE 3

•1 
__________________
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APPENDIX D
SPECIFICATION FOR FLUIDIC HA RDWA RE

FABRICATION BY ELECTROFORMING

PROCESS SPECIFICAT ION NO. [~~~35O2—O1 ]
k~ TER I A~S ASSD.U.Y CASONO(MTSTHIS a Cl 0 cI c , . e SPRocEss PROCESS PRocEss

SPE CIFICAT I ON ~ FLUIDIC HARDWARE FABRICATION BY ELECTROFORMING

- HS~S OA TF J::~~: :Pp: O : :UDS 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ — 4?/’#7~’~~. 

V
I P~ o ’ (S $  (N G I N ( L ~~ING SUP( s i s o .  O~ — 

_.._ ‘ , 
— VCo~.O..Ci.TS I P O 5  lC&I 5~~5~~ & ~ T~~~D~~~DS SUP~ N W I S O p  — V , V I / ‘

___________ 
RCV IS IONS

LTR O F i (R I P T I r ’ .~ OATE APPROVAL LTR DESCRIPTION DATE APPROVAL
- .c CONTROL PER

ERO 75- 5047-58 10-8-75 General
A Pg1. 2—5 ,9,10 re — 7—2—76 76—11669

vised and r edrawn.
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PROCESS SPECIFICATION NO . Pr

PLUIDIC I IAT1DWARE FABRI CATION BY rLrC’rRoFoR!1!’jr~
ScOPE

1.1 This specification covers a developmental process for fabrica-
tion of fluidic hardware by electroforming. This proc~ess inV limited to 303 corrosion resistant VRS pickoff haseplatei, 3’)],
or 302/304 corrosion resistant steel baseplates, 4’ RC steel
VHS picko ff molds, and brass molds .

• 2 APPLICABLE DOCUMENTS

There are no applicable documents.

3 REQUIREMENTS

3. 1 Mater ials — The materials shall be as described in Table I for
the use given therein .

TABLE I - PROCESS MATERIALS

Material Description Use

Wax Glyco 5—932 (Glyco Expendable mandrel
Chein . Co.)

V Wax Pa raffin Expend&,le mandrel

Graphite Dixon 620 (Dixon Expendable mandre l
Carbon Co.)

Carbon Acetylene Black Expendable mandrel
(Union Carbide)

Sulfuric Acid II,S0~ AR Grade Raseplate prec lean
10% ~olution

Nickel plating Barret Type SN sulfa— Nickel electro—
Solution mate nickel plating forming

solution

PAGE ~ P.~ V
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PROCESS SPECIFICATION NO. PC 13502—011

TABLE I — PROCESS MATERIALS (Continued)

Material Description Use

Solvent Trichloroethylene , Degreasinq and
Tech Grade mandrel removal

Anodes Nickel rolled , sul fur  Source of nickel
- 

V 
depolarized

Anode bags Dyne l or polypropylene Reduce anode par-
t iculate contami-
nation for s u l f a —
mate nickel

Water Deionized, lflr pm total Solution makeup,
solids, max, 1 megohm replenishment, and
resistance, m m .  rinses

Compressed air Filtered, oil free Drying and mandrel
removal

Nickel strike 1) Nickel Chloride Nickel strike
(N iC]., 61120 ) ,

AR Grade 8 oz/gal
nickel metal content

4 2) Hyd rochloric acid
(HC1) . 36.8% AR
Grade , 1 pint/gal

Blasting abrasive Per layout Surface perparation

V Masking tape 3M No. 8403 Masking

3.2 E~ uipment — The equipment shall be as described in Table I I ,
with size appropriate for the expected work.

TABLE II — EQUIPMENT

Item Description Use

Tank Suitable for nickel Nickel electro—
electroforming forming

Tank Suitable for water Rinsing as specified
rinses

PAGE ~ — 
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PROCESS SPECIFICATION NO. PC 13502—01

V 
TABLE II — EQUIPMENT (Continued)

Item Description Use

Tank Suitable for 112504 Baseplate preclean
cleaning

Tank Suitable for nickel Baseplate activation
strike

Exhaust system Suitable for plating Operator and f ac i l i ty
shop safety

Filter system Sethco (or equivalent) Pur i fy ing  nickel
sulfamate solution

V Filter elements Sethco #10 filter Replacement filter
elements , 5 micron elements

Pumps, two Marc.th Mfg. or equiv— Sulfamate solution
alent suitable for agitation
electrcforini ng

Pumps, two March Mfg. or equiva— Nickel strike solu-
lent tion agitation and

11 SO solution aqi—
4 thi~ n

Heaters Quartz ininersion heater Provide process
for sulfamate nickel heat
solution

DC Power source Providing direct Current for 1I~ SO4current as required tank, nickel ~triketank, and electro—
forming

Injection molder Of suitable capacity, Inject conductive V

equipped for vertical wax into molds
clamping of baseplate
and mold

PAGE 11 11/
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TABLE II — EQUIPMENT (Continued)

Item Description Use

Ultrasonic cleaner Mottler Electronics Degroasing baseplate

High pressure pump ~1ith Trichioroethylene

Plating mani folds Of suitable spray For nickel strike,
pattern for parts 

~~~~
50A tank, and

to be electroformed electroforninq tank

Vacuum pump Welch duo seal (or Remove air from
equivalent) mold before wax

injection

Plating rack As suitable Holding parts
during procensing

Gram balance Ohaus Scale Corp. Weighing ingredients
accurate to 1/10th of conductive wax
gram

Masks, plugs Polyethylene or other Masking during
plating

AC Power source Providing alternate Current for Leaters ,
current as required pumps, molder , and

other equipment.

3.3 Epgineering requirements

3.3.1 Equipment Set—up — The Items listed in Table II shall he Set U~and utilized as in standard plating shop use. This applies also
to safety equipment.

3.3.2 Solution make—up and maintenance — The sulfainate nickel plating
solution an~i the nickel strike solution shall be used in thestandard Coziposl tion.

3.3.3 Operator qu.-~lificat.ion — Only operators who are considered
capable by the re~nonsible production engineer shall he qualifiedto perform the processing covered by this specification. Assis-
tance in establishing pertinent criteria for operator qualifica-
tion shall be available from the PLZT/Hydrofluidics Laboratory.
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PROCESS SPECIFICATION NO. PC 13502—01

3.4 Operator procedure — The oper ator(s)  shall perforra the activities
described herein in natural sequence.

3.4.1 Facility check-up — Prior to production operation daily (or at the
beginning of the first of three shifts when continuous) the
operator shall check that the items described in Table III meet
the requireLlents listed therein.

TABLE III — PLATING CONDITIONS

Item
No. Item Condition

1 Power DC and J~C power supply availablewith appropriate controls

2 Analysis of Samples taken and analyzed after
solutions every 24 hours of operation but

at least once in each 3 w~ck period.Analyses shall be made on schedule
(within 24 hours of sample taking)
and additions nade as required. i;o
solution shall be used if not within
limits

3 Materials Readily available

4 Exhaust System In good working condition

5 Filter system Operative, with filters replaced as
required.

PAGE 6 JI~ ]
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P7~~CCSS SPECIFICATION NO. PC 13502— 0 1 J
TABLE III - PLATING CONDITION S (Continued)

Item
No. Item Condition

6 Pumps and In satisfactory working condition ,
heaters providing agitat ion and heat as

required.

7 Injection molder Clean , ready for use , controls
satisfactory

$ Balance Accurate — as checked with standard
weight

9 Ultrasonic cleaner Clean , operative , charged with fresh
and degreaser trichioroethylene

V 10 Vacuum pump Operative , controls calibrated

11 Compressec~ air Filters and pressure satisfactory
source

12 Deionized water Source satisfactory

13 Abrasive blaster Charged with appropriate abrasive

4 3.4.2 Assembly of baseplate, mold, and wax — The preparation of the
parts and material for electroforming shall begin as follows.

3.4.2.1 Preparation of conductive wax —

a) Break up the waxes listed in Table I and mix thoroughly
with the graphite and acetylene black in the proportions
of 22.5  percent of each wax , 5.5 percent of acetylene
black , and 49.5 percent graphite .

b) Melt these together at 150 — 250 0F in a shallow pan , stir
thoroughly , and allow to harden. Break or cut the solidi-
fied material into pieces of a size appropriate for feeding
the injection molder.

_ _ _  
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PROCCSS SPECtFSCATION NO. ( PC 13 5 0 2 — 0

3.4.2.2 Preparat ion of baseplate and mold assembly —

a) Abras ive blas t the baseplate as in dicated ~~ the ~~ ; V : V i  ~~~~~~drawing,  using the abrasive specified on the l ’ ~~~ f V : V

part. Blast until no more surface change~ Li~c~~ :.~ V~~~~ V . ;~~i~~ - ,

using a suitable pressure . W ash the abra~V.1ve c~rit. ~~r.: ::

the baseplate with tap water.

b) Using trichloroethy~~ ne, clean the baseplate ir~ t~~~~ .~itra-
sonic cleaner.

c) Check the pertinent mold to make sure the mating sLr :~~~:
is free from leak sources. Assei~~le it to t~~~ ~~~U L V ~~~V~~

and clamp together in the injection molder.

• d) Evacuate the mold with the vacuum pump.

3.4.2.3 Injection of wax and preparation of pre—e1ectroforr.~ a crb~ v —

a) Charge the injection molder with the wax, settir~;
l600F and at a pressure setting and mold tewperature as
specified on layout.

b) With the wax at the desired temperature and pressure , ar~~
the mold under vacuum, fill the mold cavity .

C) Release the vacuum and allow the air pressure to rc tu rr .
to atmospheric level.

d) Remove the assembly from the mold and then remove the ~o1d
carefully from the baseplate.

.) Inspect the baseplate for good wax adhesion . I nspect
the wax for freedom from cracks or other irregularities.

f)  If the wax and baseplate are satisfactory, mask the base—
plate as shown on the applicable drawing, using the mask-
ing tape and/or masks and plugs. Then assemble the pre—
electroform to the plating rack.
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PROCESS SPECIFICATIONNO. IPC 13Y)2—f)l

3.4.3 Electrn forminq procedures — Activation , nickel strike, and
iI ~ctroformincj shall be as follows:

a) Immerse the racked pa r ts  in the tank charged w i t h  l~ ~r ’r cent
s u l f u r i c  acid. Connect the part s  to the po si t i ve  l~~t~ of
the power supply  at a current level which cau~e’; Ijub} ,1ir~j
to take place and thea is reduced just  until the b u b b l i ur ;
stops. Make sure the parts are held in agitated solut~~ n.Remove after l~ minutes. V

b) Immerse racked baseplates in the nickel strike tank (with
the unbaqqcd nickel anodes), connect the parts t~~ the
negative lead of the power supply (current per layout) and
apply power for 5 minutes + 30 seconds.

c) V VVpV
~~r

.fo~r1r.jnVg the work as rapidly as possible, rinse the •V
racked parts in dei.onizcd water, immerse in the ;~~Vj r r e t

aulfamate nickel electroforming solution tank (witu nickel
anodes in anode baqs), connect to the negative lead o~the power supply at the current given on the layout, and
plate for as long as required by the layout.

Note; flefore immersing VPS pickoffs in electro forninq bath ,
f lush each stem for 2—3 seconds with electroforainq
solution to remove any trapped air from tao slot.

d) Remove the racked parts from the electroforming solution
tank, rinse with deionized water, and then remove the parts
from the rack.

e) Blow the parts dry with clean air and immerse them in
hot trichloroethylene (150°? to hoiling) so that the
wax melts. Assist the removal of the wax by flushing
with a stream of the hot solvent flowing through the
channels. Persist in the wax removal procedures until
the passages are completely clean.

-
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PROCESS SPECIFICATION NO. PC 13502— 01 7
3.4.3 Electroforming procedur-~s — (Continu.~d)

f)  Visual ly  inspect e ’ch part for freedom from r i n h o ”~and the presence of the desired matte s i lver  sir! ..  e
appearance of the nickel.

g) Identify each part so that it can he traced hack to he
documents applicable to its development or production.

3.5 Workmanship — The workmanship shall be such that the ~‘-trtsare nea t ly  and u n i f o r m l y  made and are free from defect ; w h i c h• mi ght a f f ec t  their intended use.

4 QUALITY ASSURANCE PROVISIONS
V 4.1 Acceptance — Acceptance shall be based upon satisfactory

process control and workmanship.

V 4.2 Inspection — When examinations are necessary for assurance
V that the parts meet the requirements , the methods shal l  be

as follows.

• 4.2.1 Process control — Verif icat ion that the parts were made with
the materials , equipment, baseplates and molds, temperatures ,

I times and electrical requirements in accordance with the
V 

methods specified herein shall constitute satisfactory process
control.

4.2.2 Workmanship — The workmanship shall be checked by visual in-
spection aided by equipment as necessary to determine that the

4 parts meet the requirements of the drawing and are functional.

5 PREPARATION FOR DELIVERY V

This section is not applicable to this specification.

6. NOTES

6.1 Safety — The materials and processes referred to herein may
present hazards. The responsibility for safety lien with
the using department. Technical assistance may be obtained
from the Material and Process Engineering department.
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APPENDIX E

SPECIFICATION FOR YAW AXIS IIYDROFLUIDIC
STABILITY AUGMENTATION SYSTEM

DETAIL SPECIFICATIO N PART I OF U los  
V
~~~, . , )_ I ) l

PART ~~, PERFORMANCE/DESIGN AND QUALIF$CAT ION REQUIREMENTS

THIS DETAIL SPECIF,CAT I~~I I S FI ~1 Yaw Axis Ilydro fluidic
Stability Au g m e r . r a c i o n  Sys te m

SIGeA TUPES OAT~• P f lPAR(~~ R Y

W . 1. Po sir ~zies  0 ~~~~~~~~~ ~ 2 3  7~
~. .~. Evans ~~~~~~~~~~~~~~ ~

‘
° ~~~~
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DETAIL SPECIFICATION NO. LD$ 26 47 -01  1

• 1.0 SCOPE

This specification defines the performance requirements for the YGII5SAOI
yaw Stability Augmen ta t i on  System. The system is a hydrofluidic control
package which mounts on top  of the boost and SAS actuator of the OH-58A
helicopter. The system is added t ot k e aircraft to improve the handling
qualities in the yaw axis.

2.0 APPLICABLE DOCL~IENTS

V The following documents and drawings and the app licable specifications
references therein shall apply to the extent specified herein.

2.1 MIL-M-5606, hydraulic Fluid , Petroleum Base , Aircraft , Missile and
Ordinance.

C13789AA01 , Cir c uit Schematic

3.0 REQUIREMENTS
V 3.1 General

V The system shall consist of the following functional units.

• 3.1.1 Rate Sensor - A vortex rate sensor provides a differential pressure signal
that is propo rt ional to the aircraft angular rate in the yaw axis .

3.1.2 Amplifier - Accept and amplify differential pressure signals.

3.1.3 Shaping Networks - A combination of resistors and capacitors (bellows).

3.1.4 Pilot Input Device - Provides an output which is a function of peda l
d isp lacement . This will reduce the tendency of the control system to
“ f ight ” the pi lot in the yaw axis.

3.1.5 Flow Control Valve - Maintain a constant  f low to the system when provided
• a d i f f e r e n t ial pressure of over 100 PSID.

REV I 31G4 
____________ ___________
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DETAIL SPECIF I CATIO N NO. 24947-01 I

3.2 Environment

3 2 .1 Temperature - The system shall operate over the ambient temperature
V range from 0 to +120 F when the operating fluid is in the range of

~40’F to ~l8O °F.

3.3 Powe r Supp lies

3.3.1 Input power to the system shall be hydraulic fluid per MIL-H-5606 a t  a
pressure of bOO PSIC (nba which is obtained from the aircraft hydraulic
power system) . The system shall not require more than 2.7 cis .

3.-. System Performance

A l l  performance requirements in this section pertain to norma l operating
conditions . Norma l operating conditions are defined as:

Amb ient Temperature - 70 5°F
Hyd r a u l i c  F l u i d  Tempera tu re  - 120 °F ± 5°F

• Hyd r au l i c  F l u i d  Pressure - 500 to 600 PSIG ahead of the f l o w
regu la to r ;  a minimum of 50 PSIG r e tu rn  pressure

3.4 . 1  System requirern enti  are s~immarized in Fi gu re 1.

V 3.4.2 Range - The system shal l  ha’;e a range of a t  Least  ~30 deg rees pe r seco n d
ahead of the hi gh pass and ±1007. actuator stroke downstream of the hi gh

• pass.

3 .4 .3  L i n e a r i t y  - The system l inea r i ty  s h a l l  be w i t h i n  ±LOZ of range . L i n e a r i t y
is d e f i n e d  as the  wid th  of the  band enclosing a l l  the tes t  po in t s .

3.4.4 Noise - Peak- to-peak  noise sha l l  not exceed ± .2 psid when measured t h r u
a double  lag filter network wi th  a time cons tant  of .016 seconds.

3 .4 .5  Accuracy - The system sha l l  m a i n t a i n  gain  and t ime con stants  w i t h i n
• tolerances shown in Figures 2 and 3 for  the hig h pass and p i lo t  in put
V loops.
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DETAIL SPECIFICATION NO. 24 o4 ;-ol

3. 4 .6  Ph as ing  - CCW r o t a t i o n  of the sys tem shal l  cause the pressure at port
V Pci to be grea te r  than  Pc2 (YG IIS 8A drawing) .  CW ro ta t ior :  of the PID

ann looking from the top shall cause the pressure at port PcI to be
greater than Fc2 (right pedal).

3.4.7 Null - th e n u l l  o f f set at zero input turning rate shall be no greater
than ±.4 p sid .

3.5 Component Perfortn:tnce

Performance shall be determined at room temperatur e ambient with fluid
at 120° ± S F , unless otherwise specified.

The vo r tex ra te  sensor sha l l  meet the  fo l l owing  performance requirements
when the system is supplied with 2.7 cia.

Scale Factor NO.008 PSID/degrce ’sec , dead-ended

Range ±30°/sec a m .

Linearity ±57. of full scale

Time Delay 0.060 sec or less

Noise ±0.5 deg/sec max .

Calibrate Button - A sensor calj0rjie but ton shall be utilized
with the capability of insertin~ a signa l equivalent to a step
rate of about 5 degrees per setond.

i.5.2 Amp lifier - Amp li~ 0 rs shall meet the following performance requirements
when supp lied with a pressure of 6.5 PSID.

Input Impedance for ‘IRS loa d amp lifier -- 180 ohms minimum
V Output Impedance for output amplifier -- 100 ohms maximum

Cain and Load - Requir ements for each app l ication are
described tn Figure 1.

3.6 Product Conf j :tt~ 1 tj o n
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3.6.1 Drawing Number Y Gl l 5 8A is the assembl y and installation drawing.

3. 0 QUALITY ASS I:fb\ ~ CE

Conformance of the hardware to program objectives shall be evaluated
w i t h  the followin g f l i 0 i t w u r t h y t e s t .  Pe r fo rmance  t e s t s  w i l l  be
conducue~ before and after vibration tests. Vibration testing shall
be conducted on the first unit only.

6.1 V i b r a t i o n

e .l .l A 15 minute vibration scan , with the  system opera t ing  and ou tpu t  n u l l
monitored , w i l l  be conduc ted  i n each of the  three  axes a t  2 g ’ s f r o m
50 to 500 cps . The testing shall be conducted with the hydraulic
suppl y and connection simulating the actual aircraft installation as
near as practicable.

3.2 Performance Tests

4.2.1 Conformance to dynamic range requirements of Paragraph 3.4.2 shall be
determined by imposing rates of :30’/sec and measuring final system
output.

4.2.2 Cain and response requirements  sha l l  be de te rmined  b y measur ing system
output at 0.01 , 0.04, 0.2, 0.4, 1.0, 4.0 and 10 cps . Amp l i t u d e s  of
±2 , ±5*, :10 and ±15°/sec shall be used. Re spons e sh a l l  be measu r ed
with fluid temperatures of 70, 90, 120* and 180°F. Results shall meet
the requirements of Para. 3.4 . Tempe rature and amp l i t ude mar ked wi th
* are the requirements for acceptance testing.

4.2.3 Cain and response of the pilot input device shall be determined by
measuring system output at 0.01, 0.04, 0.1, 0.4 and 1 cpa . Amplitude
of ±.04 inches of cable shal l  be used. Response sha l l  be measured a t
the same temperatures as in pars. 4.2.2. Results shall meet the require-
vents of para . 3.4.
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DETA iL SPECIFICAT I ON NO. ~DS 24947-UI 1

V 4.3 Verification

4.3.1 The systems shall be inspected for quality of workmanship and conformance
to installation drawing .

4 .3.2  Determine  tha t the system contains the features described in Pars . 3.6.1.

4.3.3 Establish that the power required does not exceed the amount specified

V 
in 3.3.1.

REVI S I~~.S 
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DETAIL SPECIF ICATION NO. [jS 24 14 1- 1 1
C0l~tP0rr.NTS

— 0.008 e °~°6~ D.E. psi/deg/sec

V 
C PID = 0.6 psi/in, of cable Typical

I Component
Camp l 1.0 psi/psi Gains

Gamp 2 3.7 pSi/ps i

Gamp3&4 = 19 psi/psi
V 

Geabte = 0.276 in cable/in linkage

C1in~~ge = 0.527 in linkage/in peda l

SYSTEM LOOP :AI:~S

Rate Loop:

CR [O . l 3 5(e 065)
(

~~~~.5S )+ 
0.027 (~~~.06s) } p s i / d e g / s e c

Pid Loop:

GPID = 45.2 j  2.5s psi/in cable
S+1 2.5s + I

— 
mtVISI~~e __________ __________
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DETAIL SPECIFICATION NO. 103 2 4 9 6 7 - U I
FIGURE 1

SYSTEM PERFORMANCE (YAW)
02 — .276 in cable

___________ 
in link

1 Cable
r—3~ Linkage± 0.4 in

Servo

E~~~~~~~~:~~~~~

° 

I 

~~~~voJ  
~~~~~~~~~~ 

~‘ 

+II~~~ 

flka:e~1j ~ Ta~~ Rot~~~r

Cj = (.527)in link 1.45in 
— . n

in peda l

~~.0Ol6 ~~~~

.162 ,~~ j

4 

c

~~~~~~~~~~~~~~~~~~

008

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

o/5

I 45.2 psi
in. C.

0.6 osi V

in. c.

.01
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